Although the DNA of the red crab Geryon quinquedene has no patent satellites, a large fraction (% 1)02) is highly repetitive. Treatment of total DNA by Hind III produces fragments comprising 5-6% of the genome. While the sizes of some of these fragments form an arithmetic series based on an 8l bp repeating unit, the amounts of the multimers differ significantly from distributions observed for multimerlc series in the DNAs of other eukaryotes. In red crab DNA, the amounts of some of the multimers suggest that they mayhave undergone as much as four times the divergence as the others. Other data, however, are more compatible with the conclusion that there has been selective amplification of segments of highly repeated DNA which results in the enhanced amount of specific multimers. These results indicate the presence of a nonrandom process in the evolution of the highly repetitive DNA. Selective mutation alone seems insufficient to explain these results.
INTRODUCTION
The size of the eukaryotic genome greatly exceeds estimates of the amount of DNA required for growth and development of the organism; no more than 5 to 15!t is thought to code for proteins. The remainder of the genome may be involved in chromosome structure; it may influence differential gene expression as well (l) . Within the large noncoding fraction, attention has been focused on repetitive DNAs because of their ease of isolation and chromosomal localization. In the four brachyuran ("true crab") genomes which have been examined, highly repetitive sequences comprise 25 to Ul^ of the genome (2-k). In each case except the red crab Geryon quinquedens these sequences include patent satellite DNAs. [Patent satellites are observed by centrifugation in CsCl gradients; cryptic satellites are obscured by the major DNA component and are observed with special treatment, such as binding to ligands. Other repetitive sequences, which may or may not be separable by centrifugation, can be isolated by rapid reassociation (5, 6) or treatment with restriction enzymes (h,j) .] The most striking characteristic common to the DNA of all four species is that there are very small amounts of sequences classified as middle repetitive. Typically, in other eukaryotes these sequences, with several hundred copies per genome, comprise between 15 and 50t of the total DNA. For the crab genomes the majority (greater than 90%) of the repetitive sequences can appropriately be termed "highly repetitive" with copy numbers of several thousand per genome. While this distribution of repetition frequencies may or may not be a characteristic feature of crab genomes, it facilitates fine structure analyses of this class of DNA. Detailed structural analyses should be useful in elucidating the origins of highly repetitive DNAs. The structure of a satellite fraction from the hermit crab Pagurua polliacxriB is strong evidence that unequal crossovers occur in highly repetitive DNAs (8, 9) . The marked diversities in the structural features of satellite DNAs (10) suggest that more than one mechanism is involved in their formation.
In general, it has been assumed that highly repetitive DNAs originate as a homogeneous class of sequences in the eukaryotic genome. Regardless of the mechanism(s) of origin of these DNAs, it is clear that with increasing time from their amplification, alterations of various types accumulate. These alterations, which diminish sequence homogeneity, may include single base changes, deletions, and insertions, as well as more complex changes such as unequal sister chromatid exchanges and other chromosomal rearrangements. Accumulation of such modifications has the potential of transforming simple sequence DNAs, which might behave as satellites in CsCl gradients, into sets of cryptic repetitive sequences with densities similar to that of the remainder of the genome. Although the DNA of the red crab lacks patent density satellites, it contains several classes of sequences with characteristics similar to those of satellite DNAs. Both the reassociation rate and the measured mismatch {h%) of the entire class of repetitive DNA (U) are similar to values observed for satellite DNAs (11). In addition, digestion of Geryon DNA by several restriction endonucleases yields extensive arrays of discretely sized fragments. By digestion of total DNA with Hind III, we identified a series of fragments whose sizes were multimers of a basic repeat of 8l base pairs (bp). The present study was undertaken to explore the relationship of the sequences of the different multimera. The amount of each multimer present in several satellite DNAs is reduced compared to the next smaller multimer (12-lU). This result is expected if there is random loss of restriction sites that had been spaced uniformly. In Geryon DNA the amounts of both the tetramer and the octamer are larger than expected, suggesting nonrandom changes in those sequences which contain the Hind III sites. If an amplification step is responsible for this bias, only selected fractions have been amplified. Amplification of the entire set of sequences containing the Hind III sites would maintain multimer ratios determined by the degree of divergence since the initial amplification of the basic unit.
MATERIALS AMD METHODS
Isolation and Labeling of DMA. DNA was isolated as described [k).
Both labeled and unlabeled DNAs were used for restriction enzyme analyses.
DNA vas labeled with Y-32 P-ATP (2000-3000 Ci/mmol; from ICN) at the 5' termini after treatment with bacterial alkaline phosphataae (Worthington)
by the action of T^ polynucleotide kinase (15, 16; P. L. Biochemicals, Inc.) .
Restriction Enzyme Analyses and Isolation of Restriction Fragments.
Other than Hind III and Alu I (k), restriction endonucleases were purchased from New England Biolabs. Restriction digestions were carried out as described (8, 17) . Preparative digests were precipitated with ethanol and solubilized in electrophoresis buffer before application to the gels.
Typically, 50 UK of DNA was applied to wells 1.2 X 0.2 cm for preparative isolations. Isolated fragments were further purified by electrophoresis on a similar gel. Electrophoresis was carried out in a vertical apparatus with 90 mM Tris-borate buffer (pH 8.3) and 2.5 mM EDTA (18). Individual fragments were excised from the gels and recast with 1% polyacrylamide in glass tubes containing a 10> polyacrylamide plug. Fragments were electroeluted at 1+°C
into dialysis bags and precipitated before redigestion by other restriction endonucleases.
Quantification of the DNA in the Restriction Fragments. Quantification of the amounts of Hind III fragments was accomplished using optical density scans of total DNA (6 ug) digested with Hind III and electrophoresed on 5/f acrylamide gels. Since the film response to impinging light is represented by a sigmoidal function (19) , parallel gels of 0X17^ DNA (l pg) digested with Alu I were photographed simultaneously. The amount of 0X17lt DNA and the photographic conditions (aperture settings, time of exposure) were adjusted until the ratios for the areas under selected DNA peaks agreed with independent determinations of the amount of DNA in the corresponding fragments (20). This assures that the response of the film was in the linear range and justifies the use of peak areas to determine the amount of DNA in the Hind III fragments of Geryon.
Measurements of the relative amounts of the fragments were made by labeling the 5' ends of a Hind III digest of total DNA and electrophoresing on 7% polyacrylamide gels. The gels vere sliced into 1-mm segments, incubated overnight with 0.2 ml of HC10, in H 0_ (1:2 by volume), and counted in scintillation fluid (Amersham/Searle). The total radioactivity in the major peaks ranged frcm 5.2 X 10 to 2.8 X 10 cpm. Estimates of the amount of each fragment were made from the lengths of the fragments, the radioactivity in each, and the genome size. For both labeled and unlabeled DNA, all fragments of one 3ize class vere included since the contribution of unrelated fragments is not known. At the maximum this represents a two-fold overestimate, but would not affect the conclusion that certain sequences have been amplified. the tetramer is present at a somewhat lower frequency. The trimer is only a minor fragment (Fig. 2) . The unexpected amounts of several multimers lead us to undertake restriction endonuclease mapping of the multimers to explore their relatedness.
If it is assumed that cleavage sites for Hind III were once spaced uniformly, a test for the random loss of sites can be performed (12,23). The proportion of each multimer (n_ = 1 for a monomer) will be given by the probability of a run of (n_ -l) consecutive alterations in an array of regularly
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-3-6 n-1 Figure 2 . Test for Random Inactivation of Hind III Sites of Total DNA. If it -is assumed that a regularly spaced array of restriction sites is altered by random divergence to give dimers, trimers, and larger multimers of the basic unit, the fraction t_ of DNA in each multimer is given by 1 ' log f/n = 2 log (1-p) + (n-l) log p, where n_ = 1 for monomers, etc., and p_ is the fraction of modified sites. The plot of log f/n_ versus n-l is a straight line when sites are inactivated at random assuming that a change of one base pair prevents enzymatic cleavage. The slope is given by log p_ and the intercept by log (l-p_) . The term f/n_ has been replaced by c , the number of copies of each multimer relative to the monomer. The latter term is determined directly as the ratio of radioactivity in each -i-i-i multimer. The dashed lines are three 10 12 theoretical plots for different degrees of divergence in a once uniform repeat: (a) 3-7?, (b) 9.5?, (c) 15-7?. Divergence is the fraction of altered base pairs (11) calculated for the following fractions of modified sites: (a) 22%, (b) 56?, and (c) 92? by £ X 1 At where t_ is the number of base pairs in the restriction site. Discontinuity is indicated on the graph between the amounts of octamer and decamer since essentially no nonamer fragments were detected. Determined frcm the amount of radioactivity in each fragment relative to that in monomer DNA.
Determined from optical density scans of Hind III digestion products. Calculated from the % of each fragment in the genome, length of the fragment, and a genome size for Geryon the different multimers (Table l) after determined by reassociation kinetic jj^-j. 4. *• data(2U). Using a ratio of the rate complete digestion are different from spaced restriction sites. Such a probability distribution predicts that each successively larger multimer will be present in smaller amounts. Figure 2 shows the expected amounts of multimers for different degrees of divergence and total DNAs (26, 27) . The deviation of reassociation for Geryon single copy DNA (k) to that of Geaarainus lateralia (3) and the genome size of G. lateralie determined independently of the Geryon fragments from a linear (25), the size of the Geryon genome was calculated to be 2.k pg. Both single copy rates were computerderived values of the expected rates of isolated single copy DNA as deterplot indicates that the distribution of Hind III sites ( Fig. 2 ; solid line) cannot be explained simply by random mined from reassociation of total DNA. alteration of a formerly homogeneously spaced array of sites. The amounts of dimer, tetramer, and octamer are best fit by line (c), which represents 92â ltered sites. This level of divergence cannot reflect the overall pattern since 62, 50, and 12>, respectively, of these fragments were digested to hi and kO bp fragments by Hha I. If a divergence of l6X was present in the fragments, more of the original Hha I sites would be altered.
Several explanations are possible for this nonrandom distribution of enzyme sites. Since the Hind III fragments were obtained from digests of total DNA, the presence of a multimeric series based on a single-repeating unit cannot be assumed from the sizes alone. It is necessary to demonstrate that a sequence relationship exists for this series of fragments. The 81 bp monomer contains both a Hha I site and a Hae III site (Fig. 3) . The other Hind III fragments were digested with these enzymes to determine if they were multiples of this basic unit. 
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Its sequencing, sequence homology between it and the monomer, dimer, and tetramer Is indicated by the presence of similarly sized major and minor fragments in a Hha I digest. Digests of the dimer, trimer, and tetramer contain fragments 130 and 127 bp in length while fragments of 212 bp are also present in the trimer and tetramer. The sizes of these minor fragments are close to those expected if one or two Hha I sites, respectively, were lost from a set of sites formerly spaced every 8l bp.
The proposed organization for the original spacing of Hind III, Hha I, and Hae III sites is shown in Fig. liA from which Fifty to seventy-five percent of each of the Hind III fragments thus far described is digested by either Hha I or Hae III. Fractions of the monomer or dimer undigested by Hha I were also resistant to Hae III. It is unlikely that these results are due to the inhibition of the restriction enzyme 3ince a three-fold increase in the amount of Hae III led to no further digestion.
We conclude that the subset of sequences containing the Hha T sites almost completely overlaps the subset containing the Hae III sites. Since random mutation in a homogeneous population of repeating units would not be expected to lead to the elimination of both sites in one-fourth to one-half of the sequences comprising one multimer and to the presence of both sites in the remaining sequences, this is a surprising result. This distribution of Hha I and Hae III sites suggests two classes of sequences, one considerably more divergent than the other.
B. The Pentamer, Hexamer, and Heptamer. As seen in Table 1 Fig. 6A; lane 2) or fragment II (not shown). Either the sequences in the two fragments are homologous or there was cross-contamination between the two fragments. Similarly, there was no detectable difference in the number or size of the products between Hae III digests of separated and co-isolated octamer fragments; only the Hae III digest of fragment I is given in Fig. 6A (lane h) .
In the discussion below, "octamer" Is used to designate DNA co-isolated as The population of molecules comprising the octamers can be assigned to four classes according to the products of Hha I digestion: subset 1 yields restriction fragments whose sizes can be predicted from the 8l bp repeat; subset 2 yields fragments of the sizes predicted but in anomalously large amounts (i.e., the 270 bp class); subset 3 yields fragments of unexpected sizes (i.e., the 80 and 1^2 bp fragments); subset k is the fraction undigested by Hha I. The latter three categories may represent diversity in the types of alterations that have occurred in the basic repeat, including amplification, introduction of new Hha I sites, and the loss of the 8l bp spacing for Hha I sites. Fractions of subset 3 and h may be unrelated to the basic repeat. Subsets 1, 3, and k are also present in the smaller multimers; however, subset 3 accounts for a lower percentage of the smaller multimers.
The classes of fragments produced by digestion with Hae III (Fig. 6A; lane h) are very similar to those produced by digestion with Hha I. Subset 2 is represented by fragments of 350 and 320 bp. They correspond to proposed sizes of 33l4 and 318 bp, both of which would be produced by cleavage at the same site. As for the Hha 1/270 bp fragments, although these are of a size expected from the model, they are present in anomalously high amounts. The next six smaller fragments in the Hae III digest are clearly related to the proposed organization containing an 8l bp repeat, i.e., subset 1 DNA. The remaining fragments of sizes 55 to 2\ bp do not appear to be related to the basic repeating unit and are therefore subset 3 DNA. The major digestion products are the 2U bp fragment in subset 3 and the two large fragments in subset 2. Undigested DKA is also present (subset h DiiA). A diagram is D. The Decamer. The cleavage products produced by digestion of labeled decamers with Hha I, Taq I, and Hae III were most similar to those sequences in the octamers that had diverged from the basic 81 bp repeat. In the Hha I digest (Fig. 7, lane 2) the fragment sizes characteristic of the 8l bp repeat (viz., the hf and ho bp fragments) were not seen. Also missing were fragments of the sizes that would occur if one or two consecutive sites had been modified. The 270 bp fragments that comprise the bulk of the Hha I digest of the octamers account for only a minor fraction of this digest. The 80 and lU2 bp fragments of the divergent subset 3 DNA are also present. Fragments of 165, 138, and 88 bp are recovered both from Taq I digests of decamers and from Hha I/Taq I double digests of octamers ( Fig. 6B; lane 1 and 3) . Hae III digestion of decamer DNA ( Fig. 7; lane 1+) did not yield the pairs of fragmentr, expected for subset 1 DNA. Rather, a fragment of 55 bp (subset 3) was observed as a major fragment. In summary, there are several similar spacings of restriction sites in the decamer and that fraction of the octamer that differs from the basic 8l bp repeat.
Nonrandom Alterations in Highly Repetitive DNAs: Selective Mutation or
Selective Amplification? The distribution of amounts of the fragments in the Hind III multlmeric series digested from total Geryon DNA deviates from the distribution of multiples of a basic repeating unit observed in several isolated satellite DNAs (12-11)) and in satellite DNAs digested from total DNAs (26, 27) . Either selective mutation or selective amplification is required to explain this organization. Mutation may be selective either by limited accessibility of specific DNA regions to mutagenic agents or by a propensity of specific DNA sequences to a particular alteration. For DNA regions to vary in accessibility to mutation, the nucleosome structure might dictate protected regions, e.g., sites approximately every 162 bp. Enhanced amounts of dimer (l62 bp), tetramer (2 X 162 bp), hexamer (3 X 162 bp), and octamer {k X 162 bp) might then be expected. The amount of hexamer is not enhanced but is equivalent to that expected for h% divergence. Specific sites for mutation would require precise phasing of the repeating DNA units with the histones or other proteins in the chromatin complexes. While nucleosome phasing relative to DNA sequence has been suggested (30,31), other studies indicate random alignment of nucleosomes (32). The presence of more octamers than hexamers in Geryon DTiA requires the additional constraint of a multinucleosome complex with every fourth nucleosome being less accessible to mutation than every third. It has been proposed that higher-order chromatin structure consists of units of eight nucleosomes (33). While the constraints within a multinucleosome may yield selective mutation, it is surprising that other repetitive DNAs have not contained a distribution of multimeric fragments similar to that of Geryon. For seven repetitive DNAs examined (3*0, there is considerable variability in the basic unit varying from "v 170 bp in the a-satellite of the African green monkey to 1360 bp in the calf satellite. Nevertheless, the fact that the repeating unit of many repetitive DNAs is ^ 170 bp or multiples of that length is compatible with some effect of nucleosome structure on DNA sequence, at least for repetitive DNAs. Sequences isolated by restriction endonuclease digestion of human (35) and hermit crab (6) DNAs also have a basic repeat of similar length.
More recently, seven satellites have been described in calf DNA (36) Slightly different sequences within a set of repeating units might then determine different pathways for subsequent mutation in some repeats. In addition, the mutation rate in the rll locus of TU can be altered at a single site within an ochre codon by changes in neighboring base pairs (1*0); this specificity can explain the "hot spots" observed for the mutability of this locus C*1,U2). Effects of this type reflect single nucleotide changes and will differ for individual repetitive DNAs depending on their sequence.
Even these instances of specific mutation seem inadequate to explain the distribution of Hind III sites in Geryon DNA. In particular, the relative amounts of Hind III multimers is difficult to explain by models of selective mutation alone. An alternate model of selective amplification requires only that the amplified segment of DNA be sufficiently small to be unrepresentative of the entire class in its relative amounts of multimers. Examples of nonrandom distributions of restriction sites have been seen in other DNAs as well (27) . For the 1.688 g/cm satellite of Droaophila melanogaeter whose basic unit is ^ 365 bp, Carlson and Brutlag (1*3) show that some regions have fewer restriction sites than would be predicted on the basis of random inactivation. They also found a fragment of 15 monomer units, a highly improbable result for random mutation. In sequence analyses of African preen monkey a-satellite whose basic unit is ^ 170 bp, particular variants were detected which could not be explained by random mutation (1(1*) • These examples of nonrandom alterations coupled with those in Geryon DNA suggest that a selective amplification superimposed on a biased pattern of mutation would be a plausible scheme for the formation of at least some complex repetitive DNAs.
Selective Amplification of Small Segments of DNA. Selective amplification could occur in at least two ways. First, amplification of a small subset of repetitive sequences might occur after translocation to a different chromosome. Alternatively, only a small fraction of a repeated sequence at a single location might be selected for amplification. In Geryon the highly repeated sequences captured from total DNA as Hind III fragments cannot be assumed to be contiguous. Rather, they may be interspersed with single-copy DNA, which abuts two highly repetitive components of very different fre-
quencies in this genome (h).
There could also be several types of amplification. It could occur in a subset that had diverged from the basic repeat by a saltatory mechanism (1*5) or by an unequal crossover mechanism (8,9). In either case, to account for the relative amounts of the Hind III multimers, it must be stipulated that only a small fraction of related repetitive sequences has undergone amplification. Replication of a segment 2 or 3 X 10 bp long might easily produce enhanced amounts of particular multimers, since the total DNA in Q the Hind III multimers is 3 X 10 bp. The apparent amplification of a divergent octamer Indicates that the amplified segment is greater than 650 bp. A segment of that size or several times that size would still be sufficiently small such that the distribution of multimers would not reflect that of the entire population of sequences. Divergence of the original sequence and subsequent amplification of all related sequences would preserve ratios expected for simple random inactivation of regularly spaced restriction endonuclease sites.
Pattern of Evolutionary Alterations in Geryon DNA. A scheme of evolutionary changes in highly repetitive sequences that is compatible with the characteristics of Geryon DNA is a cyclic pattern of amplification followed by divergence and reamplification of the divergent sequences. This assessment is based on the reduced amounts of some multimers such as the trimer and enhanced amounts of others such as the tetramer and octamer. Except for the limitations that can be placed on the size of the segment selected for amplification, this evolutionary pattern i3 as described by Southern Ct6) for guinea pig a-satelllte. In contrast, Fry and Salser (1*7) have suggested that a library of satellite sequences ia conserved by their association with genetic mechanisms fostering sympatric speciation. (In the sympatric model of evolution, tvo biological races adapt to different ecological niches within the same geographic range and form distinct species. Alternatively, in the allopatric model, geographic isolation precedes genetic isolation.)
Chromosomal rearrangements, especially those facilitated by heterochromatic regions, have also been implicated in speciation (^8-51). Conservation of specific sequences is probably not necessary for a role of repetitive DNAs in sympatric speciation. Heterochromatln and thus the highly repetitive DNAs localized to this region may facilitate chromosomal rearrangements that increase the potential for variant species. Increases in genetic variability are directly related to increased survival of a particular taxonomic group, and that survival will perpetuate a cla38 of highly repeated DNAs. In addition, it is not necessary that the amplification of a particular DNA sequence initiates speciation but only that it fosters it.
CONCLUSIONS
Our observations are compatible with a pattern of multiple amplifications of relatively small segments of DNA compared to the complete set of related sequences. A single amplification would have produced the observed distribution of Hind III fragments only if two octamers were present for every tetramer in a contiguous piece of DNA containing no trimers, pentamers, hexamers, or heptaroers. This is quite unlikely since the preampllfied number of octamers for h% divergence would be less than five copies per genome while the number of tetramers would be greater than 500. Amplifications of small segments of DNA might be fairly frequent; multiple amplifications within highly repetitive regions would have the same effect as conserving particular sequences. 
